Warming climates provide many species the opportunity to colonise newly-suitable regions at higher latitudes and elevations. Despite becoming warmer, higher latitudes and elevations nevertheless offer novel climatic challenges, such as greater thermal variability and altered frequency of weather events, and these challenges exert selection on expanding populations. However, high gene flow and genetic drift during the expansion phase may limit the degree to which species can adapt to novel climatic conditions at the range front. Here we examine how landscape topographic complexity influences the opportunity for local adaptation to novel conditions during a range shift. Using RAD-seq data, we investigated whether elevation, latitude, climatic niche differentiation, and gene flow across a complex landscape were associated with signatures of adaptation during recent range expansion of the damselfly Ischnura elegans in Northeast Scotland. Our data revealed two distinct routes of colonisation, with admixture between these routes resulting in increased heterozygosity and population density. Expansion rates, assessed as directional rates of gene flow, were greater between more climatically similar sites than between climatically divergent sites. Significant genetic structure and allelic turnover was found to emerge near the range front at sites characterised by high elevation, low directional gene flow, and high spatial differentiation in climate regimes. This predictive combination of factors suggests that landscape complexity may be a prerequisite for promoting differentiation of populations, and providing opportunities for local adaptation, during rapid or contemporary range shifts.
78 expanding range front, in the face of competing non-adaptive evolutionary processes that are so 79 prevalent during the expansion phase. 80 81 The potential for adaptive evolution to occur over such short spatial distances and time scales, such 82 as involved in contemporary range shifts, may be strongly influenced by associated patterns of 83 gene flow (Hill et al., 2001) . When gene flow is high between core and expanding populations, 84 the potential for local adaptation to conditions at the leading edge of the range is limited by the 85 input of maladapted genes from the range core (gene swamping; Lenormand, 2002a) . 86 Alternatively, when gene flow is restricted towards the range margin, for example if colonisation 87 fronts are highly fragmented, range limit populations may have insufficient genetic diversity for 88 local adaption to occur (Whitlock, 2000) . Thus we anticipate that the opportunity for gene flow 89 during expansion will have strong influences on the capacity for adaptation to novel conditions in 90 the new part of the range; moreover we anticipate that the topography over which an expansion 91 occurs will to a large part dictate patterns of gene flow and thus opportunities for selection 92 (Möbius, Murray & Nelson, 2015) . 93 94 Complex landscapes such as mountainous regions may increase landscape resistance, and thus act 95 to restrict gene flow between core and range front populations. Therefore, when contemporary 96 range shifts take place over fragmented or topographically complex habitats, local adaptation may 97 be less likely to be opposed by gene swamping during the expansion phase than when gene flow ). Furthermore, topographically complex environments often provide a wider 100 variety of niches to which populations can adapt, and such variety in niche opportunity may 148 estimated as the total number of damselflies captured divided by total catching time, averaged over 149 the number of visits. From each population, where possible, 5 male and 5 females were collected 150 and individually stored whole at 4° C in 1.5ml of 100% etOH. However, due to limited numbers 151 of damselflies at population 12, equal numbers of male and females were not possible and 4 males 152 were substituted for females. In preparation for DNA extraction, individuals were manually 153 pulverised using disposable micropestles. DNA was extracted from the resulting tissue using the (see below) . This approach minimises the inclusion of SNP's which have arisen due to erroneous 172 base calls, as allelic polymorphisms must be consistently observed multiple times across 173 populations to remain in the data set. This approach prevents the over-conservative discard of high 174 quality data caused by setting more stringent PHRED thresholds. One individual had consistently 175 low quality reads and was dropped from further analysis. Following this, Ustacks was used to align 176 reads with a minimum depth of coverage of 5 reads and maximum distance between stacks of 5 177 reads. Catalogues of loci were assembled using Cstacks, with the number of mismatches allowed 178 between sample tags when generating the catalogue set to 2. Samples were matched against the 179 catalogue using Sstacks with default settings. Variant sites (i.e., specific SNPs) that were 180 successfully reconstructed from at least 75% of the individuals under study and present in a 3). We also assessed correlations between PC1 or PC2 and site and population characteristics to 227 explore how genetic structure might orient to underlying environmental or population processes 228 (Table 2) . 237 with models including environmental variables described above, a K value of 1, and 5 repeats.
238 Bayescan was run in the stand-alone platform, with 1000 iterations and thinning set to 10. These 239 models each generated very few significant SNP outliers or SNP-environment correlations, with 240 no agreement among methods regarding loci putatively under selection. Therefore, we did not run 241 further outlier-based tests for local adaptation. To further to test for patterns of genetic variation 242 corresponding to environmental gradients or population densities, random forests analysis was 243 using the gradientForest package in R (Ellis, Smith & Pitcher, 2012). Gradient forests were 244 conducted using 500 trees, with 201 bins and a correlation threshold 0.5, with response variables 245 set to population density of I. elegans, latitude, elevation, temperature annual range (bio7), mean 246 temperature of wettest quarter (bio 8), mean temperature of driest quarter (bio 9), mean 247 temperature of warmest quarter (bio10), annual precipitation (bio12) and precipitation of wettest 248 month (bio13). Our routes of colonisation analysis indicated that directional gene flow was generally strongest 254 along the eastern side of the Cairngorms (Fig. 1 ). Moreover, gene flow is generally in a northern 255 direction, consistent with the poleward range expansion in this region, although some gene flow 256 back to the range core is also apparent (Fig. 1) . Absolute values of ᵠfst ranged between 0.0008 and 257 0.07 for all sampling sites (Table S1) . (Figs. 2, 3) . Genetic variation along PC1 is moderately correlated with temperature and 272 precipitation (correlation between PC1 and precipitation in the wettest month, R 2 = 0.26, 273 correlation with mean annual precipitation, R 2 = 0.20, and correlation with mean temperature of 274 the driest quarter, R 2 = 0.12). Population 12 differentiates from the others along this axis (Table 1, 275 Fig. 3 ). Among environmental variables, PC2 is best explained by thermal variability (effect of 276 mean diurnal temperature range on PC2: R 2 = 0.23). Populations 7 and 8 differentiate from the 277 other populations, in opposite directions, along this axis (Fig. 3) . Populations 8 and 12 also exhibit 278 lower heterozygosity than the other populations (Table 1) We identify two distinct colonisation routes into northeast Scotland, with the possibility of a third 299 expansion wave entering from the south (Fig. 1) . While the data indicate a primarily northward 300 movement of species, there are also some cases of gene flow back towards the range core. We also 301 found suggestive evidence of weak isolation-by-distance among our study sites, consistent with 302 genetic changes associated with the range expansion. However, high gene flow associated with the 303 range shift resulted in generally low population structure: DAPC analysis indicated that most of 304 our sites across the region were well mixed genetically, and did not fall into distinct structured 305 populations, indicating a strong role for gene swamping limiting local adaptation. Consistent with 306 this, populations which exhibited the cosmopolitan genotype also experienced the strongest gene 307 flow from surrounding populations (fig 1) . However, three populations (7, 8, and 12) did 308 distinguish themselves strongly from the background genotypes. Such shifts in genetic structure 309 corresponded to sites with reduced connectivity, high elevation, and divergent climates. Moreover, 310 we identify patterns of allelic turnover across the expansion front which correspond to gradients 311 in climatic, demographic, and spatial variables, indicating complex processes and opportunities 312 for adaptation during range shifts. 314 Colonisation routes 315 316 Our routes of colonisation data indicated two distinct paths of colonisation into the Scottish 317 highlands: an eastern route, skirting around the eastern extent of the Cairngorms into central 318 Aberdeenshire, and a westerly route moving northwards around the western extent of the 319 Cairngorms, before moving in a south-easterly direction from the north. The two expansion routes 320 meeting in central Aberdeenshire (Fig 1) . Similar patterns of colonisation in this region have been 321 reported in the UK butterfly, Pararge aegeria, suggesting than non-linear and circuitous poleward 322 expansion routes may be common among dispersal-limited ectotherms, especially in mountainous 323 regions (Hill et al., 2001) . While most directions of colonisation are towards the north (Fig 1) , 324 there is also evidence of gene flow back towards the core of the range core, particularly from sites 330 and also exhibits lower heterozygosity than other sites (table 1). Whether the lower expansion rates 331 along the western Cairngorms are associated with the low diversity at a putative source population 332 will require more data from populations further south. Overall genetic structure is weak across the region. However, we identified three genetically 337 distinct populations within the region (represented by populations 7, 8, and 12). One of these 338 (population 12) appears to reflect either the ancestral gene pool (reflecting southern genotypes 339 ancestral to the Scottish colonisers) or possibly a new, recurrent colonisation wave into the area 340 from further south or west. These genotypes may be adapted to warmer, wetter conditions than 341 other North East Scottish genotypes, as indicated by correlations between overall genetic 342 differentiation at this site and these environmental variables (Fig. 2) , as well as gradient forest 343 analysis suggesting genome-wide allelic turnover along gradients of temperatures in the warm and 344 wet season ( Fig. 5 & 6) . The other two genetically distinct populations (7 and 8) are relatively 345 isolated, high elevation populations, and only weakly connected to other populations through 346 directional gene flow (Fig 1) . Despite population 7 and 8 both being similar as high elevation sites, 347 climate regimes are quite divergent between them, and in comparison to most of the other sites, Fig. 2 ), suggesting that isolation at high elevations may allow these populations to at least 355 partially adapt to their divergent climates. Similarly, gradient forest analysis indicated that allelic 356 turnover across the expansion front is well-predicted by thermal variability, in the form of annual 357 temperature range, in comparison to the predictive ability of most other climatic variables (Fig. 5) . 358 These patterns suggest that fragmentation and topographic complexity can increase the potential 359 for adaptation during range expansions. The alternative explanation, that genetic differentiation at 360 sites 7 and 8 may reflect drift in isolated subpopulations, is not as readily borne out by the data. 361 Three out of 10 individuals from site 7 and two out of 10 individuals from site 8 expressed more 362 cosmopolitan genotypes, indicating that gene flow is sufficiently high to swamp differentiated 363 genotypes unless opposed by selection ( figure 2) . Variation in genetic differentiation among sites 364 also corresponded to temperature and precipitation (PC1), but variation along this axis was 365 primarily driven by site 12, a site of origin of the western range expansion route. 366 367 It is noteworthy also that these signatures of genetic structure and climate do not appear to reflect 368 measurable selection at individual SNPs, at least as could be robustly detected in the data, and this 369 suggests a highly polygenic signature of divergence. Nonetheless, genome-wide divergence 374 Accordingly, gradient forest analysis revealed that genome-wide variation in allele frequencies 375 across the study were nearly linearly correlated with temperature during warm and rainy seasons, 376 as well as annual thermal variability (Fig. 6 ). However, latitude (i.e., distance from the range core) 377 and population density (associated with levels of admixture) also predicted allele frequency 378 changes, indicating that, as expected during an active range expansion, that gradients in allele 379 frequency are likely driven by both adaptive and neutral processes. Correlations between the principal components of the detrended correspondence analysis and the environmental variables, highlighting the correlation between genetic differentiation between populations and the environment.
Correlations with values of R 2 above 0.10 are highlighted in bold.
1 Table 2 2 Correlations between the principal components of the detrended correspondence analysis and the 3 environmental variables, highlighting the correlation between genetic differentiation between 4 populations and the environment. Correlations with values of R 2 above 0.10 are highlighted in 5 bold. 
